-triggered transmitter sis is still unclear. Here we show that the membranes release (Broadie et al., 1994; Geppert et al., 1994 ; Littleof exocrine secretory granules contain an 18-kDa pro ton et al., 1994) . Further, microinjection of synaptotagtein, syncollin, that binds to syntaxin at low Ca 2؉ conmin fragments into nerve terminals (Bommert et al., centrations and dissociates at concentrations known 1993) or PC12 cells (Elferink et al., 1993) has been shown to stimulate exocytosis. Syncollin has a single hyto inhibit Ca 2ϩ -triggered exocytosis. The mechanism by drophobic domain at its N-terminus and shows no which synaptotagmin interacts with the membrane fusignificant homology with any known protein. Recomsion machine is still unclear. The initial proposal (Sö llner binant syncollin inhibits fusion in vitro between zymoet al., 1993b) was that synaptotagmin acts as a fusion gen granules and pancreatic plasma membranes, and clamp, preventing ␣-SNAP binding to the SNARE comits potency falls as Ca 2؉ concentration rises. We sugplex until a Ca 2ϩ signal is received. An alternative possigest that syncollin acts as a Ca 2؉ -sensitive regulator bility is that synaptotagmin has a positive role, interof exocytosis in exocrine tissues.
acting with the SNARE complex at a late stage in a Ca 2ϩ -dependent manner. The extremely rapid kinetics Introduction of exocytosis in neurones (Lliná s et al., 1981; Almers, 1990 ) and the observed enhancement by Ca 2ϩ of the It is now widely accepted that the fundamental compobinding of synaptotagmin to both syntaxin (Chapman nents of the machinery required to fuse membranes et al., 1995; Li et al., 1995) and SNAP-25 (Schiavo et al., together are highly conserved throughout evolution and 1997) appear to favor the latter possibility. that they are used in both constitutive and regulated Homologs of the three SNARE proteins are known to membrane trafficking pathways (Ferro-Novick and Jahn, be expressed in non-neuronal tissues (Bennett et al., 1994; Rothman and Warren, 1994) . These components 1993), where they have varying subcellular distributions include N-ethylmaleimide-sensitive fusion protein (NSF; (Gaisano et al., 1996) . It has been proposed (Sö llner et Block et al., 1988) and the soluble NSF attachment proal., 1993a Calakos et al., 1994 ) that the precise teins (␣-, ␤-, and ␥-SNAPs; Clary et al., 1990 ; Whiteheart choreography of intracellular membrane traffic might et al., 1993). Membrane-associated SNAP receptors, or depend on the specific interaction between cognate SNAREs, were first identified in detergent extracts of vesicle-and target-SNAREs. Whether synaptotagmin brain membranes (Sö llner et al., 1993a) . In these exhas a general role as a Ca 2ϩ sensor in regulated exotracts, the SNAREs bind tightly together to form a 7S cytosis is unknown. Although isoforms of synaptotagcomplex that contains the synaptic vesicle protein synmin are widely expressed (Li et al., 1995) , there is no aptobrevin and the plasma membrane proteins syntaxin persuasive evidence for a role of synaptotagmin in Ca 2ϩ -and SNAP-25 (Sö llner et al., 1993b) . The observation triggered exocytosis in nonexcitable tissues. that the specific cleavage of each of these three proteins
The pancreatic acinar cell provides an ideal model to by the Clostridial neurotoxins (Schiavo et al., 1992;  Blasi study the molecular basis of exocytosis in nonexcitable et al., 1993a, 1993b ) causes a blockade in neurotranstissue (Palade, 1975) . The action of secretagogs such mitter release demonstrates that they are essential for as acetylcholine and cholecystokinin on receptors at exocytosis in neurones. The 7S complex is able to recruit the basolateral pole of these cells causes a release of ␣-SNAP and NSF to form a larger, 20S complex. The Ca 2ϩ from intracellular stores (Pandol et al., 1985; Tsunoda et al., 1990; Thorn et al., 1993; Gerasimenko et al., 1996) . This in turn leads to the fusion ‡ To whom correspondence should be addressed. zymogen granule membranes. When the bound proteins were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), a single major 18-kDa protein was found to be retained (Figure 1) . Densitometry of the bands corresponding to the 18-kDa protein and GSTsyntaxin indicated a stoichiometry of binding of ‫.1:1ف‬ The 18-kDa protein did not bind to either GST-synaptobrevin or GST-SNAP-25 (data not shown).
When the 18-kDa band was excised and subjected to proteolytic cleavage, followed by peptide separation and microsequencing, two internal sequences were ob- tein, which we have named syncollin (in Greek, -␣, to glue together), shows no significant homology with any known protein. of zymogen granules with the apical domain of the plasma membrane (Palade, 1975) . It has been shown Characteristics of Syncollin Binding to Syntaxin that synaptobrevin 2, but not synaptobrevin 1, is present in the membrane of the zymogen granule (Gaisano et Syntaxin contains an N-terminal domain that is required for the binding of Munc-18 (Hata et al., 1993) and . Somewhat surprisingly, however, complete cleavage of this protein by treatment of permeabilized second domain, close to its membrane anchor, to which most other proteins bind, including ␣-SNAP, SNAP-25, acini with the light chain of tetanus toxin caused only a small (30%) reduction in the extent of Ca 2ϩ -triggered synaptobrevin, synaptotagmin, and the N-type Ca 2ϩ channel (Hanson et al., 1995; Kee et al., 1995) . To examexocytosis. Prompted by this finding, we set out to search for other potential syntaxin binding partners on ine the region of syntaxin to which syncollin binds, we immobilized GST fusion proteins (Hanson et al., 1995 ) the zymogen granule membrane. Here we show that granule membranes contain a novel 18-kDa protein, syncontaining the entire cytoplasmic domain (residues 1-265), the N-terminal domain (residues 1-193), and the collin, that binds to syntaxin at low Ca 2ϩ concentrations and dissociates at concentrations known to stimulate C-terminal domain (residues 194-288) on glutathioneagarose and incubated them with a detergent extract exocytosis. We also demonstrate that syncollin is able to inhibit fusion between granules and plasma memof zymogen granule membranes (ZGMs). Syncollin bound to the cytoplasmic domain and also to the branes in a Ca 2ϩ -sensitive manner. We suggest that syncollin might act as a Ca 2ϩ sensor for regulated exo-C-terminal region (albeit less well), but failed to interact with the N-terminal region ( Figure 3A ). Consistent with cytosis in nonexcitable cells.
this allocation of a syncollin binding site on syntaxin, ␣-SNAP displaced syncollin from immobilized syntaxin Results in a concentration-dependent manner, with an IC50 of approximately 10 M ( Figure 3B ).
Zymogen Granule Membranes Contain a Novel Syntaxin-Binding Protein
To clarify further the nature of the interaction between syncollin and syntaxin, we took advantage of the ability Our study began as a search for a protein on the zymogen granule membrane that might act as a binding partof ␣-SNAP to induce a conformational change in syntaxin. The complex of synaptobrevin, syntaxin, and ner for syntaxin. A recombinant protein containing fulllength syntaxin 1A fused to glutathione S-transferase SNAP-25 can be disassembled in an ATP-dependent manner when ␣-SNAP and NSF are bound (Sö llner et (GST) was immobilized on glutathione-agarose beads and incubated with a detergent extract of rat pancreatic al., 1993b). This disassembly involves a conformational either pancreatic plasma membranes or cytosol. The positions of (B) Competition between His 6 -␣-SNAP and syncollin for binding to molecular mass markers (kDa) are indicated on the right. GST-syntaxin. Syncollin was detected by silver staining. Relative (B) Enrichment of both syncollin and synaptobrevin 2 in ZGMs. A amounts of syncollin were determined by densitometry. pancreatic homogenate was centrifuged at 400 ϫ g for 10 min. The (C) Persistence of syncollin binding to syntaxin after SNARE compostnuclear supernatant (PNS) produced was then centrifuged at plex disassembly. GST-syntaxin was incubated with a detergent 900 ϫ g for 10 min, to produce a high-speed supernatant above a extract of zymogen granule membranes at 4ЊC for 1 hr. The beads pellet consisting of a zymogen granules (ZG) overlaid by mitochonwere then washed and incubated with MgCl2 (5 mM), His6-␣-SNAP dria. The mitochondria were removed by washing. The granules (1 M), ATP␥S (1 mM) or ATP (2 mM), and His 6-NSF (0.3 M) for an were lysed by incubation for 1 hr in a high-salt, high-pH buffer, and additional 1 hr. The beads were washed again three times, and the the ZGMs were recovered by centrifugation (100,000 ϫ g for 1 hr). other protein partners are absent (Hanson et al., 1995; Kee et al., 1995) . We investigated whether the active conformation of syntaxin (i.e., the conformation that increased rather than decreased, showing that it is able cannot bind ␣-SNAP, synaptobrevin, and SNAP-25) is to interact also with the active conformation of syntaxin. still able to bind syncollin. Immobilized GST-syntaxin was incubated with a detergent extract of rat pancreatic Distribution of Syncollin ZGMs to allow syncollin and synaptobrevin 2 to bind.
An antiserum raised against the peptide SYPRLEEYRK ␣-SNAP and NSF were then added, and the incubation recognized a single 18-kDa protein in ZGMs ( Figure 4A ). was continued in the presence of either ATP␥S or ATP.
No protein was detected in pancreatic plasma memAs shown in Figure 3C , addition of ATP led to a dissobranes, indicating its confinement to only one of the two ciation of NSF, ␣-SNAP, and synaptobrevin from the partners participating in exocytotic membrane fusion. complex, demonstrating that syntaxin has assumed its Furthermore, no syncollin was found in the cytosol, as expected for a membrane-anchored protein. Because active conformation. However, syncollin binding was the antiserum did not react with syncollin in fixed tissue sections, we used subcellular fractionation to examine whether there are major pools of syncollin on other intracellular membranes in the acinar cell. Syncollin copurified with synaptobrevin, a known resident of the ZGM (Gaisano et al., 1994) , and showed the highest enrichment in the purified membrane fraction ( Figure 4B ).
The tissue distribution of syncollin was examined by immunoblotting. Syncollin was detected in a membrane fraction from pancreas, as expected, but not in fractions from brain, adrenal gland, liver, kidney, or spleen ( Figure  4C ). To determine whether syncollin is present in exocrine glands other than the pancreas, we examined the secretory granules of the parotid gland. These granules are not only morphologically very similar to pancreatic zymogen granules but also fuse in the same way with pancreatic plasma membranes (Lee et al., 1994) . As shown in Figure 4D , an immunoreactive band of the same size as syncollin was detected.
Syncollin Binding to Syntaxin Is Ca
2؉ Sensitive The fact that exocytosis in the exocrine pancreas is triggered by a rise in intracellular Ca 2ϩ (Pandol et al., 1985; Tsunoda et al., 1990) suggests that a Ca 2ϩ sensor might reside on the ZGM. With this in mind, we tested for the presence of synaptotagmin on granule membranes by immunblotting, using a polyclonal antiserum raised against synaptotagmin I. As shown in Figure 5A , synaptotagmin was present in brain membranes, as ex- of syncollin from syntaxin is shown in Figure 5D . Dissoci- 145) was generated. As shown in Figure 5E , GST-syn- an IC50 for Ca 2ϩ of ‫01ف‬ M, 10-fold higher than that for native syncollin. These results indicate that the two proteins interact directly, that the direct interaction is the ZGMs were solubilized in Triton X-100, despite the modulated by Ca 2ϩ , and that this modulation occurs fact that trypsin had full access to proteins on both irrespective of which partner is immobilized.
surfaces of the granule membranes. Furthermore, they In an attempt to identify an effect of Ca 2ϩ on the conpersisted after syncollin had been solubilized with deterformation of syncollin, we examined the sensitivity of gent and isolated by binding to immobilized GST-synthe protein to proteolysis. In the absence of Ca 2ϩ , only taxin (data not shown), indicating a direct effect of Ca 2ϩ a small fragment ‫2ف(‬ kDa) was removed by trypsin, but on the conformation of syncollin. Syncollin in situ was in the presence of Ca 2ϩ the protein was completely deremarkably resistant to trypsin, suggesting that it is tightly folded and/or closely associated with the ZGM. graded ( Figure 5F ). These effects were seen only when Fusion between granules and plasma membranes was measured through the dilution-dependent de-quenching of the fluorescence of octadecylrhodamine, which was loaded into the granule membrane.
Syncollin Binds Specifically to Syntaxin
Wavelengths used were 560 nm (excitation) and 590 nm (emission).
Isoforms 1 and 2
Labeled granules (10 l) were added to 700 l of incubation buffer and incubated for 1 min to achieve a steady baseline. Plasma memSyntaxin 1 is expressed predominantly in neurones and branes (20 g/ml protein) were then added (at the arrow), and the neuroendocrine cells (Bennett et al., 1993) , and the mafluorescence signal was followed for an additional 4 min. Where jor isoforms expressed in the exocrine pancreas are appropriate, recombinant proteins were added along with the zymosyntaxins 2, 3, and 4 (Gaisano et al., 1996) . To test mains" of both syntaxins 1 and 2 ( Figures 6B and 6C ). , or Sr 2ϩ (not shown). The Ca 2ϩ sensitivity of assay for fusion between zymogen granules and plasma fusion in this assay has only recently become apparent, membranes (MacLean and Edwardson, 1992) . In this after the introduction of a cocktail of protease inhibitors assay, fusion is measured through the dilution-depen-(including 1 mM EDTA, 1 mM PMSF, and 1 g/ml pepdent de-quenching of the fluorescent probe octadecylstatin) that reduced proteolysis during membrane isolarhodamine, which is loaded into the granule membranes.
tion. Addition of increasing concentrations of GST-syncollin short led to a progressive inhibition of fusion (Figure We first examined the sensitivity of fusion to Ca 2ϩ . As 7B). Furthermore, the potency of syncollin was higher with different Ca 2ϩ -binding properties have been identified in various tissues (Li et al., 1995) . In the pancreas, at 1 M Ca 2ϩ than at 67 M Ca 2ϩ ( Figure 7C ), consistent with the increase in its affinity for syntaxin at low Ca 2ϩ mRNA encoding isoforms VI and VIII was detected by reverse transcriptase (RT)-PCR; interestingly, neither of concentrations. Fusion was not significantly affected either by GST or by GST-syncollin short that had been these isoforms showed any Ca 2ϩ -dependent binding to either phospholipids or syntaxin. In addition, we were boiled for 2 min (Figures 7D and 7E) . The most likely interpretation of these results is that syncollin binds to unable to detect synaptotagmin on the zymogen granule membrane by immunoblotting. The immunoblot shown an endogenous syntaxin isoform and thereby blocks fusion.
( Figure 5A ) was obtained using an antiserum raised against synaptogamin I, and several other antisera also gave a negative result (data not shown). We stress, Discussion though, that we cannot exclude the possibility that another isoform, which is undetectable using existing antiThe evidence that the proteins synaptobrevin, syntaxin, sera, might be present on these membranes. and SNAP-25 are crucial to the process of membrane
In this study, we have identified a new protein, syncolfusion is compelling. The mechanism by which fusion lin, which is present on the membranes of pancreatic is coupled to a rise in cytosolic Ca 2ϩ concentrations zymogen granules and which has properties that would during regulated exocytosis is, however, still unclear. In be expected of a Ca 2ϩ sensor for exocytosis in nonexcitneurones, perhaps the likeliest scenario involves a Ca 2ϩ -able cells. Syncollin binds to syntaxin at low Ca 2ϩ constimulated interaction between synaptotagmin and centrations and dissociates as Ca 2ϩ concentration rises, components of the SNARE complex after an NSF-catawith an EC 50 for Ca 2ϩ of ‫1ف‬ M. Syncollin binds to a lyzed priming step. Consistent with this model, synaptodomain of syntaxin close to the transmembrane region, tagmin has been shown to bind to both syntaxin and to which several other proteins, including synaptotag-SNAP-25 in a Ca 2ϩ -dependent manner (Chapman et al., min and ␣-SNAP, are also known to bind (Hanson et al., 1995; Li et al., 1995; Schiavo et al., 1997) . Moreover, the 1995; Kee et al., 1995) . As expected, ␣-SNAP competes EC50 for the effect of Ca 2ϩ on synaptotagmin/syntaxin with syncollin for binding to syntaxin. Syncollin binding binding (180 M; Chapman et al., 1995) is very close to to syntaxin is increased after NSF-induced SNARE comestimates of the EC50 for the stimulatory effect of Ca 2ϩ plex disassembly. This might be either because its affinon exocytosis in neurones (e.g., 194 M; Heidelberger ity for the "post-NSF" form of syntaxin is higher or, more et al., 1994). Such a model would also provide an explaprosaically, because the binding of ␣-SNAP to syntaxin nation for the apparent lack of requirement for ATP for has been reduced by the action of NSF. The new protein the final step in the process of exocytosis (Hay and contains none of the established Ca 2ϩ -binding motifs. Martin, 1992; Thomas et al., 1993; Banerjee et al., 1996) . Intriguingly, though, it does contain a 4-amino acid eleFurthermore, by placing the role of synaptotagmin close ment (SDPY) that is known to be essential for Ca 2ϩ -to the fusion event, the model would be consistent with binding to C2-domain-containing proteins, including the sub-millisecond time-course of neurotransmitter resynaptotagmin (Davletov and Sü dhof, 1993; Chapman lease (Lliná s et al., 1981; Almers, 1990) in response to and Jahn, 1994) . Furthermore, Ca 2ϩ appears to have a Ca 2ϩ influx through voltage-activated Ca 2ϩ channels in direct effect on the conformation of syncollin, as judged the presynaptic plasma membrane.
by the dramatic effect of Ca 2ϩ on the trypsin sensitivity Regulated exocytosis in nonexcitable cells, such as of the protein. the pancreatic acinar cell, is also triggered by a rise in
To study the functional effects of syncollin, we have cytosolic Ca 2ϩ concentration (Pandol et al., 1985 ; Tsuused an assay that measures fusion between ZGMs and noda et al., 1990) . In this case, however, physiological pancreatic plasma membranes in vitro (MacLean and concentrations of secretagogs such as acetylcholine Edwardson, 1992) . Fusion is measured through the diluand cholecystokinin cause repetitive Ca 2ϩ spikes in the tion-dependent relief of the self-quenching of the fluoapical pole of the cell Thorn et al., rescent probe octadecylrhodamine, which is loaded into 1993), through the release of Ca 2ϩ from intracellular the membranes of the zymogen granules. The properties stores, which may in fact be the zymogen granules themof the de-quenching assay are remarkably similar to selves (Gerasimenko et al., 1996) . The fusion of zymogen those both of exocytosis from permeabilized acini (Edgranules with the plasma membrane in dispersed acini in wardson et al., 1990) and of an earlier in vitro assay response to secretagog stimulation is also considerably based on the ability of plasma membranes to trigger slower than Ca 2ϩ -triggered neurotransmitter releaseamylase release from isolated granules (Nadin et al., sub-second (Iwatsuki and Petersen, 1980; Maruyama et 1989) . De-quenching is time dependent and specific al., 1993) as compared with sub-millisecond (Almers, (e.g., liver plasma membranes are ineffective). As for 1990). Furthermore, the membrane fusion process is exocytosis in permeabilized acini, de-quenching is stimmuch more sensitive to Ca 2ϩ ; estimates of the EC50 of ulated by the nonhydrolyzable GTP analog, GTP␥S exocytosis for Ca 2ϩ , as determined in permeabilized (EC 50 ϭ 10-20 M; MacLean and Edwardson, 1992) and acini, are ‫1ف‬ M (Edwardson et al., 1990; Kitagawa et by peptides derived from the rab3 "effector domain" al., 1990; Padfield et al., 1991) . These differences in the (EC 50 ϭ 30 M; Edwardson et al., 1993) . In the present properties of exocytosis in excitable and nonexcitable study, we show that de-quenching is stimulated by Ca 2ϩ , cells suggest that the mechanism of membrane fusion, again with an EC50 of ‫1ف‬ M. This is a new finding, and in particular the nature of the Ca 2ϩ sensor, might and it depends on rigorous control of proteolysis during granule isolation. De-quenching does not require ATP, also be different. Several isoforms of synaptotagmin in line with the lack of requirement for ATP during the pGEX-KG (Pharmacia-LKB). Syntaxin 2 fragment 181-264 was exlate stages in membrane fusion (Hay and Martin, 1992;  pressed in pGEX-4T (Pharmacia-LKB). His6-syntaxin 1 was ex- Thomas et al., 1993; Banerjee et al., 1996) . Using the depressed in the vector pTrcHis (Invitrogen). NSF and ␣-SNAP, in the quenching assay, we show here that syncollin inhibits vector pQE9 (Qiagen), were kindly provided by S. W. Whiteheart fusion in a concentration-dependent manner. Moreover, and J. E. Rothman (New York). GST-and His 6 -fusion proteins were purified as described (Hanson et al., 1995) .
its potency as an inhibitor of fusion is higher at a lower Ca 2ϩ concentration. In other words, it behaves exactly as would expected of a Ca 2ϩ -sensitive fusion clamp.
Binding of Syncollin to Immobilized Syntaxin
Syntaxin 1 is thought to be expressed predominantly ZGMs were solubilized by addition of 2% (w/v) Triton X-100 and incubation at 4ЊC for 1 hr with vigorous agitation. Unsolubilized in neural and neuroendocrine tissue (Bennett et al., material was precipitated by centrifugation at 13,000 ϫ g for 10 1993). In fact, this isoform has been found recently in min. ZGM extract was added to GST-syntaxins, immobilized on homogenates of exocrine pancreas, although it was imglutathione-agarose (15 l of packed beads), and incubated in HBS possible to assess its intracellular distribution (Gaisano containing 0.5% (w/v) Triton X-100 at 4ЊC for 1 hr with agitation. et al., 1996) . Interestingly, the major syntaxin isoforms related to the presence of different complements of proteins on the vesicle and target membranes in the two types of cell. In the apparent absence of another vesicle-
Molecular Cloning of Syncollin
The syncollin band was excised from a gel and digested with lys-C.
SNARE on the pancreatic zymogen granule membrane
The resulting peptides were eluted from the gel, fractionated by in addition to synaptobrevin 2, the mechanism underlyreverse-phase high pressure liquid chromatography, and subjected ing the bulk of the exocytotic membrane fusion octo laser desorption mass spectrometry before microsequencing.
curring in the acinar cell requires explanation. The role (Sambrook et al., 1989) , this primer, together with the T7 sequencing primer, was used to amplify vide a first glimpse as to how exocytosis in the acinar a sequence from a ZAP rat pancreatic cDNA library (Stratagene).
cell might be regulated by Ca 2ϩ . Much additional work
This sequence was used to probe the ZAP library. 35 positive is required to understand the mechanism by which the clones were isolated from 10 6 independent phage plaques; of these, membrane fusion machine operates during exocytosis one represented a full-length clone.
in nonexcitable cells.
Protein Detection Experimental Procedures
Proteins were visualized either by silver staining (Heukeshoven and Dernick, 1988) or by immunoblotting. Densitometry of silver-stained Subcellular Fractionation of Tissues gels was carried out using a Quantimet-500 densitometer. To generAll procedures were carried out at 4ЊC. Pancreatic zymogen granate an anti-syncollin antiserum, the peptide SYPRLEEYRK was couules, parotid secretory granules, and pancreatic plasma membranes pled at its N-terminus to keyhole limpet hemocyanin and used to were prepared as described (Nadin et al., 1989; Lee et al., 1994) .
immunize rabbits. The antiserum was used on immunoblots at a Pancreatic cytosol was prepared by centrifugation of the postgran-1:1000 dilution. Synaptobrevin 2 and syntaxin 1 were detected by ule supernatant at 100,000 ϫ g for 1 hr. Granules were lysed by use of mouse monoclonal antibodies (Cl 69.1 [Edelmann et al., 1995] incubation for 1 hr in 170 mM NaCl and 200 mM NaHCO 3 (pH 7.8) and HPC-1 [Barnstable et al., 1985] , respectively; 1:1000). ). Granule membranes were collected by centrifugation at tagmin was detected by use of a rabbit polyclonal antiserum, raised 100,000 ϫ g for 1 hr and resuspended in 50 mM HEPES, pH 7.6, against isoform I, and kindly provided by T. C. Sü dhof (1:500). Visual-100 mM NaCl, containing 1 mM EDTA, 1 mM DTT, 1 mM PMSF, ization of immunoreactive bands was by enhanced chemiluminesand 1 g/ml pepstatin (HEPES-buffered saline [HBS] ). To prepare cence (ECL, Amersham). Gels and blots shown are usually represenmembrane fractions of pancreas, brain, adrenal gland, liver, kidney, tative of the results of at least three experiments. and spleen, tissues were homogenized in HBS and centrifuged at 400 ϫ g for 10 min. Postnuclear supernatants were then centrifuged at 100,000 ϫ g for 1 hr. The pellets, containing crude membrane Binding of Syntaxin to Immobilized Syncollin fractions, were resuspended in HBS.
Syncollin short (residues 31-145) was amplified from the full-length clone by PCR and subcloned into the vector pGEX-4T. Primers used for amplification were as follows: 5Ј-TATGAATTCCGAGGCGCTTGT Preparation of Recombinant Proteins cDNAs encoding rat syntaxins were generously provided by T. C.
CCAGTG-3Ј (sense, EcoRI), and 5Ј-AATGAATTCTCAATAGCACTTG CAGTAGAG-3Ј (antisense, EcoRI). Binding of His 6-syntaxin to GST-Sü dhof (Dallas) and R. H. Scheller (Stanford University). Full-length syntaxin 1 and syntaxin 1 fragments 1-265, 1-193, and 194-288 were syncollin short, immobilized on glutathione-agarose, was carried out essentially as described above. expressed in the vector pGEX-2T (Pharmacia-LKB Biotechnology).
Measurement of Membrane Fusion In Vitro
Brose, N., Petrenko, A.G., Sü dhof, T.C., and Jahn, R.A. (1992) . Synaptotagmin: a calcium sensor on the synaptic vesicle surface. SciFusion between granules and plasma membranes was measured through the dilution-dependent de-quenching of the fluorescence ence 256, 1021-1025. of octadecylrhodamine (Molecular Probes), which was loaded into Calakos, N., Bennett, M.K., Peterson, K.E., and Scheller, R.H. (1994) . the granule membrane as described (MacLean and Edwardson, Protein-protein interactions contributing to the specificity of intra-1992). De-quenching assays were carried out using a Hitachi F-2000 cellular vesicle trafficking. Science 263, 1146-1149. fluorescence spectrometer. Wavelengths used were 560 nm (excitaChapman, E.R., and Jahn, R. (1994) . Calcium-dependent interaction tion) and 590 nm (emission). GST-syncollinshort and GST were eluted of the cytoplasmic region of synaptotagmin with membranes. Autonfrom glutathione-agarose by use of free glutathione; they were diaomous function of a single C2-homologous domain. J. Biol. Chem. lysed overnight into sucrose/MES buffer (pH 6.5). Labeled granules 269, 5735-5741. (10 l), together with GST-syncollin short (control or boiled for 2 min)
Chapman, E.R., Hanson, P.I., An, S., and Jahn, R. (1995) . Ca 2ϩ reguor GST, were added to 700 l of sucrose/MES buffer (pH 6.5), conlates the interaction between synaptotagmin and syntaxin 1. J. Biol. taining a cocktail of protease inhibitors (see above), at 37ЊC, and Chem. 270, 23667-23671. incubated for 1 min to achieve a steady baseline. Plasma membranes (20 g/ml protein) were then added, and the fluorescence Clary, D.O., Griff, I.C., and Rothman, J.E. (1990) . SNAPs, a family of signal was followed for an additional 4 min. The concentration of NSF attachment proteins involved in intracellular membrane fusion plasma membranes used was just sufficient to cause a maximal dein animals and yeast. 
